A low-cost long-wave infrared (LWIR) multispectral imaging system based on a multiaperture uncooled LWIR camera array is presented and applied in the detection and classification of several substances, including gases and plastics.
Introduction
Detection and classification of substances by the measurement of its absorption in the infrared spectrum has been tackled by different approaches over the years. Multispectral imaging in the long-wave infrared (LWIR) band enables the detection and classification of substances with a detectable absorption in this band, such as some gases and plastics, which are important in applications ranging from gas-leak detection, vehicle-exhaust gas monitoring, and classification of plastics for recycling.
Point Fourier transform spectrometers can reconstruct a hyperspectral data cube, however the required acquisition time dramatically decrease the possible frame rate, which can make it unpractical in some applications. Another scanning approach consist in using a mechanically moving filter wheel to capture images in the different channels of the multispectral scheme, where the effective frame rate is therefore reduced according to the number of channels [1] .
As an alternative to previous scanning methods, snapshot techniques collect the whole multispectral images data cube in a single integration time, and offers some advantages such as reduction of scanning artifacts, robustness, lack of moving parts, and optical throughput [2] . Moreover, the price of uncooled LWIR thermal detectors decreases yearly according to the Moore's Law. A snapshot system based on uncooled LWIR cameras called gas cloud imager (GCI) was proposed in [3] for gas hydrocarbon detection. However, it requires relatively complex optical setup, composed by two lenses, a mapping mirror and a prism array.
Here we propose a very simple system which is just composed by an array of cameras with their corresponding objective lenses and optical filters for LWIR (similar to that [4] proposed for visible), where each camera capture one channel image. The reduction of the complexity of the system comes with an increase in the processing complexity, since the camera images need to be co-registered to compensate the effect of the different offset of each cameras.
This multispectral imaging scheme offers enhanced dynamic range and sensitivity and relative insensitivity to chromatic aberrations, as well a high degree of flexibility for the selection of the channels, by simply changing the set of optical filters. As examples of applications, we present results of multispectral imaging of various substances for their detection and classification. Raspberry-pi ® based CPU rack. (3) Ethernet switch-hub for networking and (4) USB hub for power supply.
Multispectral multi-aperture system
The proposed system (showed in Fig. 1 ) take advantage of the recent availability of very low cost thermal imaging sensors that enables the development of 6 arrayed LWIR cameras under a reasonable budget. The additional elements required for the control of the cameras are also selected to keep the total system cost low. Concretely, we have used FLIR ® Lepton LWIR cameras, where each camera has a controller composed by a "Pure Engineering" breakout board and a "Rapsberry-pi 2B" CPU networked by standard Ethernet interface. The detectors operates at 9 frames/sec, obtaining 80x60 images per channel. Every detector capture an image for the corresponding channel by using an optical filter. Besides the costeffectiveness of the approach, there are some interesting properties of the proposed multi-aperture approach. The operation in a particular channel reduces the sensitivity of each camera to chromatic aberration, allowing the relaxation of the chromatic requirements of the lens, and the reduction of the associated cost. The system also offers a very high degree of flexibility regarding the channels selection, which can be modified by simply changing the set of filters optimized for a particular application.
The simplicity of this multispectral scheme comes with the increase of the complexity in the images processing to compensate different relative offsets introduced in the images captures by the detectors. A calibration using images registration algorithms [5] can be applied in this regard for a real time compensation of this effect, which can operate in real-time as the images are captured.
Examples of applications and results
We have considered the gases absorption profiles represented in Fig. 2 , where selection of the filter bands process has been performed aiming to optimize the system sensitivity to the absorption of the object substances obtained from HITRAN (https://www.cfa.harvard.edu/hitran/) and NIST(nist.gov) database, taking also into account the commercial availability of filters. The band-pass filters used for each channel have the following central wavelength (CW) and bandwidth (BW) defined as full width half maximum: Channel 1. CW=7. We use an IR illumination by a ceramic heater. The absorption is detected by measurement the difference with a reference image of the background illumination without gas. The illumination is regulated in order to maximize the detected signal in all the detectors, which optimize the system sensitivity to absorption (the fraction absorbed component is also maximized).
In the first set of experiments we have analyze several gases, with relatively low absorption. Figure 2 shows a multispectral image array, as well as the temporal variation of the gas shape for methanol gas, where a small flask of methanol solution realizing methanol gas was used, with a maximum relative variation of intensity camera readout of about 0.6 % (normalized with the maximum intensity readout of the camera).
We have applied the system to the classification of different kind of very common plastics (LDPE, HDPE, PET, PS and PP), with clear potential application in the plastic recycling processes. Figure 3 shows an example for classification of plastics, where linear discriminant analysis (LDA) has been used over the estimated absorption values of the pixels corresponding to the plastic object analyzed. Absorption maps were estimated from the acquired images by comparing with the background images (i.e. without plastic). An example of absorption map is shown in Figure 4 (a-f) where a threshold in the absorption value has been used to mask the region with plastic. Pixels corresponding in this region were extracted for a range of images for the different plastics, and a dimensionality reduction algorithm (note that we record 6 spectral dimensions) is used to plot these pixels in Figure 4 (g). In this case we used Linear Discriminant Analysis (LDA) in order to maximize the between-plastic discrimination, and plotted the two highest discriminant dimensions in Figure 4(g) , where the separation of the clusters corresponding to each plastic indicates good prospects for unsupervised classification. 
Conclusions
We have presented and applied a multispectral system based in low-cost detectors and electronic modules, which are easily commercially available. This low-cost solution can be used as an alternative of snapshot multispectral imaging systems for the detection and classification of different kind of substances by analyzing the relative spectral absorption in each channel. The system trades-off the complexity of both optical and computational sides of the system, simplifying the more expensive optical part by making it more computationally complicated. It is also worth noting the reduction of sensitivity of the system to chromatic aberrations of the optics, enabling the use of simpler optics, as well as the flexibility of the system, allowing the modification of the channels by simply changing the optical filters of every detector for a specific application.
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